Supplementary
. Convergence check of the cluster correlation expansion. a, Single-transition coherence L 0,+ (t) under the Hahn-echo control and a magnetic field B=13.5 Gauss applied along the NV axis, calculated with CCE-1 (black line), CCE-2 (red line), and CCE-3 (blue symbols). b, The same as a but for the PDD-5 control and the magnetic field B=5 Gauss. 
where ∆ is the zero-field splitting of the NV centre spin, γ e is the electron spin gyromagnetic ratio, B is the external magnetic field, b is the fluctuating local magnetic field due to hyperfine coupling to the nuclear spins, and H B is the interaction and Zeeman energy of the nuclear spins. The hyperfine coupling to the nuclear spins is
where I 0 is the spin-1 of the host 14 N nucleus, I j for j>0 is the spin-1/2 of the 13 C nucleus at R j and j A t is the hyperfine coupling tensor for the jth nuclear spin. For the magnetic field applied along the NV axis, the bath Hamiltonian H B is
where γ 0 =γ N =1.93×10 7 s −1 T −1 is the gyromagnetic ratio of the 14 N nucleus, γ j>0 =γ C =6.73×10 7 s −1 T −1 is that of 13 C nuclei, R ij =R i −R j is the displacement between the ith and the jth nuclear spins, and ∆ N =−5.1 MHz is the 14 N nuclear spin quadrupole splitting [50] . Under a magnetic field applied along the NV axis, the 14 N nuclear spin is quantized along the NV axis, which induces a quasi-static frequency shift of the electron spin. The different quasi-static frequency shifts corresponding to the three different spin states of 14 N lead to the oscillation in the free-induction decay (FID) of the electron spin coherence and the asymmetric decoherence envelopes (as shown in Figure 2 of the main text). These effects are eliminated in the spin-echo experiments.
We consider the pure dephasing case, since the noise has too small amplitudes and frequencies (as compared with the centre spin splitting ∆) to flip the centre spin, and only the longitudinal component z b of the fluctuating field is relevant. The pure dephasing Hamiltonian is written in a block diagonalized form for different electron spin states α with α=0, ± as
where B e αγ ω α − ∆ = , and the bath Hamiltonian 
The dephasing time Γ = / 2 * 2 T and the decoherence time T 2 depend on the random positions of the 13 C atoms in the diamond lattice [48] . In the numerical simulation, we randomly chose a configuration of 13 C atom positions which produces * 2
T (for single-transition coherence FID) and T 2 (for single-transition coherence Hahn echo) close to the experimental results under 13.5 Gauss field. Different choices of the 13 C atom random positions do not affect the essential results, but only introduce differences in the detailed features. This is verified by simulation of NV centre spin single-and double-transition coherence under multi-pulse dynamical decoupling control for several random configurations of 13 C atoms (see Supplementary Figure S6 ).
Supplementary Note 3. Decoherence due to quantum noise
The decoherence of the centre spin due to coupling to the nuclear spin bath is calculated with the full quantum theory [26] . Since the hyperfine interaction strength decreases rapidly with the distance between the centre and the nuclear spin, only a finite number of nuclear spins within a certain range from the centre are relevant to the centre spin decoherence. In numerical calculation, we have checked various choices of the bath size (see Supplementary Figure S1 ), and found that inclusion of about 100 13 C nuclear spins within about 2 nm from the centre is sufficient to produce converged results of the centre spin decoherence. Actually, the decoherence is mainly caused by less than 30 nuclear spins near the centre (see Supplementary Figure S1 ).
With dynamical decoupling control pulses applied at times t 1 , t 2 , …, the centre spin 
In this work, we consider the periodic dynamical decoupling (PDD), in which the pulses are applied at times τ, 3τ, 5τ, …. In the simulation, the microwave pulses that flip the centre spin are approximated as instantaneous since they have durations much less than the centre spin decoherence time. The cluster correlation expansion (CCE) is used to calculate the coherence
is calculated the same as in Supplementary Eq. (S9) but with only interaction within the cluster C included in the bath Hamiltonian. In realistic calculation, the expansion is truncated at a certain size M C ≤ of clusters (denoted by CCE-M). We have checked the convergence of the CCE (see Supplementary  Figure S2 ), and all the numerical results in the paper are converged.
With the CCE method, we can identify the contributions of different physical processes to the centre spin decoherence. Under the weak magnetic field, the initial stage of decoherence is mainly caused by the single nuclear spin dynamics, i.e. CCE-1, as shown in Supplementary Figure S2 . The single-transition coherence recovery is suppressed by the interactions between nuclear spins, especially the pairwise dynamics.
To have a better understanding of the centre spin decoherence in the nuclear spin bath under the dynamical decoupling control, we show in Supplementary Figure S3 the centre spin decoherence individually caused by a few closely located nuclear spins under various dynamical decoupling control. In Hahn echo (PDD-1), the short-time condition is roughly satisfied for most nuclear spins. In this short-time limit, the centre spin decoherence due to the jth nuclear spin is 
The single-and double-transition Hahn-echo decoherence induced individually by several nuclear spins is shown in Supplementary Figures S3a and S3b , respectively.
In a time less than 20 µs, the scaling relation predicted by Supplementary Eq. (S12) approximately holds and the single-transition coherence decays slower than the double-transition coherence in Hahn echo (PDD-1). With increasing the number of dynamical decoupling pulses, the electron spin coherence time is prolonged, and the short-time condition is violated. As shown in Figure 5c of the main text, the single-transition coherence under the PDD-5 control exhibits strong oscillations before it vanishes. However, the decay of double-transition coherence is greatly suppressed (see Figure 5d of the main text) due to the anti-parallel of the effective local fields. The farther and relatively weakly coupled 13 C spins become more important than in the single-transition coherence [see Supplementary Figure S1 ].
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